Abstract The total syntheses of artekeiskeanol A and C, and altissimacoumarin D have been achieved. The syntheses commenced from commercially available starting materials, 2,4-dihydroxybenzaldehyde and geraniol. The key steps involve Wittig and Riley oxidation reactions.
)oxy]-6,8-dimethoxy-2H-chromen-2-one], isolated from the Chinese medicinal plant, Alianthus altissima, exhibits significant Stir1 activation and its structure was confirmed by Oh et al. 4 Artekeiskeanols A-D ( Figure 1 ) were isolated by Kwak et al. 5 from Artemisia keiskeana Miq (Compositae), which is used as a Korean traditional medicine for amenorrhea, gynaecopathy, bruising and rheumatic diseases. Their structures were reported by Schmitz et al. 6 and their antigenstimulant RBL-2H3 mast cell activation through inhibition of Akt, JNK and P38 cells was reported by Honga et al. 7 As part of our research program on the synthesis of biologically active natural and synthetic molecules, 8 we herein report the first total syntheses of artekeiskeanol A and C, and also the structurally related altissimacoumarin D.
As shown in the retrosynthetic analysis (Scheme 1), the natural coumarins scopoletin (6) and isofraxidin (10), were identified as key intermediates for the sequential synthesis of artekeiskeanol A (1), C (2) and altissimacoumarin D (3). Artekeiskeanol A and C could be obtained from compound Paper Syn Open (7) and compound (3), respectively, via Riley oxidation. Intermediates (3) and (7) could be synthesized by reaction between geranyl bromide (11) with isofraxidin (10) or scopoletin (6) . Isofraxidin and scopoletin may be synthesized from commercially available 2,4-dihydroxybenzaldehyde (Scheme 1).
Regioselective bromination 9 of 2,4-dihydroxybenzaldehyde was carried out using bromine in an equimolar ratio with the substrate in methanol at room temperature to afford 5-bromo-2,4-dihydroxybenzaldehyde (4) in excellent yields. The monobromo compound 4 was then subjected to nucleophilic substitution with NaOMe in the presence of CuCl at reflux in DMF to furnish, 2,4-dihydroxy-5-methoxybenzaldehyde (5) in good yield. 10 The resultant product 5 was subjected to Wittig olefination with ethyl (triphenylphosporanylidene) acetate, in N,N-diethylaniline at reflux to give the intermediate 7-hydroxy-6-methoxy-2H-chromen-2-one (6) (scopotletin) in 70% yield.
11
The intermediate 6 and geranyl bromide (11) 12 were reacted in the presence of K 2 CO 3 in DMF at room temperature to produce (E) -7-[(3,7-dimethylocta-2,6-dien-1-yl )oxy]-6-methoxy-2H-chromen-2-one (7) 13 in 82% yield, which, on oxidation with SeO 2 and TBHP in CH 2 Cl 2 at 0 °C, afforded 7-{[(2E,6E)-8-hydroxy-3,7-dimethylocta-2,6-dien-1-yl]oxy}-6-methoxy-2H-chromen-2-one (1) 14 in 60% yield (Scheme 2), corresponding to artekeiskeanol A with spectroscopic data that was consistent with those reported (Table 1) . 6 The synthesis of artekeiskeanol C (2) also started from 2,4-dihydroxybenzaldehyde, this time with an excess of bromine in methanol at room temperature to give, 3,5-dibromo-2,4-dihydroxybenzaldehyde (8) in quantitative yield. The dibromo compound 8 was subjected to nucleophilic substitution with NaOMe in the presence CuCl in DMF at reflux for 8 h to furnish, 2,4-dihydroxy-3,5-dimethoxybenzaldehyde (9) in 75% yield. Compound 9 was subjected to Wittig olefination with ethyl (triphenylphosporanylidene) acetate, in N,N-diethylaniline at reflux to afford, 7-hydroxy-6,8-dimethoxy-2H-chromen-2-one (10) in 72% yield, corresponding to isofraxidin.
Isofraxidin, on reaction with geranyl bromide and K 2 CO 3 in DMF at room temperature, afforded (E)-7-[(3,7-dimethylocta-2,6-dien-1-yl)oxy]-6,8-dimethoxy-2H-chromen-2-one (3) in 80% yield, which corresponds to the natural product altissimacoumarin D, with spectroscopic data consistent with those reported. 13a Again, we adopted the Riley protocol for oxidation of compound 3, with SeO 2 and TBHP in CH 2 Cl 2 at 0 °C to afford, 7-{[(2E,6E)-8-hydroxy-3,7-dimethylocta-2,6-dien-1-yl]oxy}-6,8-dimethoxy-2H-chromen-2-one (2), in good yield (Scheme 3), to furnish artekeiskeanol C. The spectroscopic data of the synthetic material was consistent with those reported for the natural product (Table 2 ). A. Talakokkula et al.
Paper Syn Open
In summary, we have executed the first total synthesis of artekeiskeanol A and C in five steps with overall yields of 21% and 27%, respectively. The key reactions involved in this synthetic approach are a regioselective bromination reaction, Wittig olefination, followed by cyclization and Riley oxidation.
All air-and moisture-sensitive reactions were carried out under a nitrogen or argon atmosphere. Oven-dried glass apparatus was used to perform all reactions. Freshly distilled anhydrous solvents were used for air-and moisture-sensitive reactions. Commercially available reagents were used as such. Purification of compounds was carried out by column chromatography using silica gel (60-120 mesh). A. Talakokkula et al.
tra were recorded with a Perkin-Elmer FT-RT 240-c Spectrophotometer using KBr / Thin Film optics. Mass spectra were recorded with a Finnigan MAT 1020 mass spectrometer operating at 70 eV. High-resolution mass spectra (HRMS) [ESI+] were obtained using either a TOF or a double focusing spectrometer.
5-Bromo-2,4-dihydroxybenzaldehyde (4)
To a stirred solution of 2,4-dihydroxybenzaldehyde (0.5 g, 3.62 mmol) in EtOH (10 mL) was added dropwise bromine (0.1 mL, 3.26 mmol) at r.t. and the mixture was stirred for 1 h. After the completion of the reaction (monitored by TLC), the reaction was quenched with saturated aqueous sodium thiosulfate, the mixture was extracted with EtOAc (2 × 20 mL), and the combined organic layers were washed with brine, dried over Na 2 SO 4 , and filtered. The solvent was evaporated under reduced pressure to give 4. 
2,4-Dihydroxy-5-methoxybenzaldehyde (5)
To a stirred solution of sodium methoxide (1.2 g, 23.3 mmol) in DMF was added bromo compound 4 (0.5 g, 2.3 mmol) followed by CuCl (23 mg, 0.23 mmol). The reaction mixture was heated to reflux for 8 h with vigorous stirring. After the completion of the reaction (monitored by TLC), solvent was removed under vacuum, cold water was added, and the mixture stirred for 20 min, neutralized with HCl then stirred for another 20 min and extracted with CHCl 3 (2 × 10 mL). The separated organic layers were washed with brine, dried with Na 2 SO 4 , filtered and the solvent was evaporated under reduced pressure to give 5. 
7-Hydroxy-6-methoxy-2H-chromen-2-one [Scopoletin (6)]
To a stirred solution of 5 (0.2 g, 1.11 mmol) in N,N-diethylaniline (10 mL) was added ethyl (triphenylphosporanylidene) acetate (0.49 g, 1.42 mmol) and the resulting mixture was heated to reflux for 12 h. After completion of the reaction (monitored by TLC), the solvent was removed under reduced pressure. The resulting brown oily residue was purified by column chromatography, eluting with EtOAc-hexane (4:6) mixture to afford 6. 
(E)-7-[(3,7-Dimethylocta-2,6-dien-1-yl)oxy]-6-methoxy-2H-chromen-2-one (7)
To a stirred solution of geranyl bromide (84 mg, 0.39 mmol) in DMF (5 mL) was added K 2 CO 3 (71 mg, 0.52 mmol), KI (cat) and a solution of scopoletin 6 (50 mg, 0.26 mmol) in DMF (5 mL). The resulting mixture was stirred for 2 h at r.t. After completion of reaction (monitored by TLC) the mixture was diluted with EtOAc (10 mL), quenched with cold water and further extracted with EtOAc (2 × 10 mL). The combined organic layers were washed with brine, dried over Na 2 SO 4 , filtered and concentrated under reduced pressure. The crude product was purified by column chromatography, eluting with EtOAc-hexane (3:7) mixture to give 7. 5, 152.1, 149.9, 146.6, 143.3, 142.1, 131.9, 123.6, 118.4, 113.3, 111.3, 108.0, 101.2, 66.3, 56.4, 39.5, 26.2, 25.6, 17.7, 16.8 
7-{[(2E,6E)-8-Hydroxy-3,7-dimethylocta-2,6-dien-1-yl]oxy}-6-methoxy-2H-chromen-2-one [Artekeiskeanol A (1)]
To a stirred solution of SeO 2 (67 mg, 0.60 mmol) in TBHP (4 mL) and CH 2 Cl 2 (1 mL), cooled to 0 °C, was added a solution of 7 (50 mg, 0.15 mmol) in CH 2 Cl 2 (1 mL). The resulting mixture was then allowed to warm to r.t. and stirred for 4 h. After completion of reaction (confirmed by TLC), the reaction was quenching with saturated aqueous sodium thiosulfate and extracted with ether (2 × 10 mL). The combined organic layers were washed with brine, dried over Na 2 SO 4 , filtered and evaporated under reduced pressure to give 1.
Yield: 30 mg (60%); low-melting solid.
IR ( 5, 152.1, 149.9, 146.6, 143.3, 141.5, 135.4, 125.0, 118.8, 113.3, 111.3, 108.0, 101.2, 68.8, 66.3, 56.3, 39.0, 25.5, 16.8, 13.7 
3,5-Dibromo-2,4-dihydroxybenzaldehyde (8)
To a stirred solution of 2,4-dihydroxybenzaldehyde (0.50 g, 3.6 mmol) in EtOH (10 mL) was added bromine (0.22 mL, 9.1 mmol) dropwise at r.t. and the mixture was stirred for 1 h. After completion of the reaction (monitored by TLC), the reaction was quenched with saturated aqueous sodium thiosulfate and extracted with EtOAc (2 × 15 mL). The combined organic extracts were washed with brine, dried over Na 2 SO 4 , filtered, and the solvent was evaporated under reduced pressure to give 8. 
2,4-Dihydroxy-3,5-dimethoxybenzaldehyde (9)
To stirred solution of sodium methoxide (1.64 g, 30.5 mmol) in DMF (20 mL) was added dibromo compound 8 (0.9 g, 3.05 mmol) and CuCl (30 mg, 0.3 mmol), and the reaction mixture was heated to reflux for 8 h, with vigorous stirring. After completion of the reaction (monitored by TLC), the solvent was removed under vacuum, ice was added, and the mixture was stirred for 20 min. The mixture was then neutralized with HCl, stirred for another 20 min and extracted with CHCl 3 (2 × 15 mL). The combined organic layers were washed with brine, dried over Na 2 SO 4 , filtered, and the solvent was evaporated under reduced pressure to give 9. 
7-Hydroxy-6,8-dimethoxy-2H-chromen-2-one [isofraxidin (10)]
The above procedure for 6 was followed for the preparation of 10 (0.3 g, 0.30 mmol). 
13
C NMR (100 MHz, CDCl 3 ):  = 160. 6, 144.6, 143.8, 143.0, 142.5, 134.4, 113.4, 111.2, 103.2, 61.6, 56.5 To a stirred solution of geranyl bromide (73 mg, 0.33 mmol) in DMF (5 mL) was added K 2 CO 3 (62 mg, 0.45 mmol), KI (cat) and a solution of isofraxidin (10; 50 mg, 0.23 mmol) in DMF (5 mL). The resulting mixture was stirred for 2 h at r.t.. After completion of reaction was confirmed by TLC, the mixture was diluted with EtOAc (10 mL) and quenched with cold water and extracted with EtOAc (2 × 10 mL). The combined organic phases were washed with brine, dried over Na 2 SO 4 , filtered and concentrated under reduced pressure. The crude product was purified by column chromatography, eluting with EtOAc-hexane (3:7) mixture to give 7. 
C NMR (100 MHz, CDCl 3 ):  = 160.5, 150. 6, 144.8, 143.5, 142.9, 142.5, 141.7, 131.7, 123.8, 119.5, 115.1, 114.4, 103.5, 70.2, 61.7, 56.2, 39.6, 26.3, 25.6, 17.6, 16.3 
7-{[(2E,6E)-8-Hydroxy-3,7-dimethylocta-2,6-dien-1-yl]oxy}-6,8-dimethoxy-2H-chromen-2-one [Artekeiskeanol C (2)]
The above procedure was followed for the preparation of 2 (50 mg, 0.14 mmol). Yield: 33 mg (63%). 5, 150.6, 144.8, 143.4, 142.9, 142.1, 141.8, 135.2, 125.3, 119.9, 115.1, 114.4, 103.6, 70.2, 68.8, 61.7, 56.3, 39.1, 25.7, 16.3, 13.7 
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